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Introduction 

The  interest  in  easy  access  to  space  and  global  reach 
within  as  little  as  2  h  has  resulted  in  renewed  interest  in 
hypersonic  flights,  which  use  a  reuseable  air  breathing 
vehicle  that  can  travel  at  or  greater  than  Mach  8.1  Re¬ 
cent  short-term  flight  tests  by  NASA  (X43a)  have  shown 
that  the  concept  of  a  scramjet  engine  works  at  speeds  of 
Mach  7  and  10.2,3  Despite  these  successes,  the  realiza¬ 
tion  of  such  a  vehicle  in  reusable  form,  will  require  novel 
materials  that  can  handle  the  aerothermal  conditions 
imposed  on  some  of  the  critical  parts.4  The  inlet  cowl 
leading  edge  (LE)  of  the  engine  is  one  of  the  critical 
components  and  it  is  anticipated  that  the  material  tem¬ 
perature  could  reach  as  high  as  2000 °C  through  aero¬ 
thermal  heating  at  Mach  8. 5  This  in  turn  has  spurred 
research  and  development  of  ultra-high-temperature  ce¬ 
ramics  (UHTC),  which  show  promise  for  such  appli¬ 
cations.6  These  materials  are  being  evaluated  using 
several  different  laboratory  tests  by  different  investiga¬ 
tors,  ranging  from  isothermal  anneals  in  an  air  furnace 
to  expensive  arc-jet  testing.6  While  arc-jet  testing  is  con¬ 
sidered  the  most  stringent,  none  of  the  tests  used  to  date 
are  known  to  completely  simulate  the  actual  conditions 
that  the  material  will  experience  in  use.  A  list  of  the  test 
methods  used  to  date  are  shown  in  Table  I,  along  with 
the  relative  merits  and  demerits  of  the  tests  in  relation  to 
how  well  they  simulate  actual  conditions  during  hyper¬ 
sonic  flight,  as  discussed  briefly  below. 

The  conditions  experienced  by  a  sharp  body  under 
hypersonic  flow  conditions  have  been  the  subject  of 
modeling  since  early  1950s.7-9  These  models  show 
clearly  that  a  material  experiences  a  unique  combina¬ 
tion  of  thermal  and  environmental  effects  under  hyper¬ 
sonic  flow  conditions.  Key  parameters  that  represent 
these  conditions  with  respect  to  material  survivability 
are  heat  flux,  total  or  stagnation  temperature,  total  or 
stagnation  pressure,  dynamic  pressure,  fluid  velocity  at 
the  material  surface,  fluid  composition,  degree  of  disso¬ 
ciation  of  gaseous  elements,  and  catalytic  recombination 
at  the  material’s  surface.  In  addition,  under  realistic 
conditions,  resistance  to  vibrations  and  thermal  shock 
will  also  be  important.  Most  of  the  experiments  are 
conducted  in  a  laboratory  furnace,  thus  assigning  the 
total  temperature  as  the  key  parameter  of  interest  by 
default;  all  other  factors  are  ignored.  The  tests  that  use 
laser  as  a  heat  source  (e.g.,  LHMEL)  focus  on  repro¬ 
ducing  the  appropriate  heat  flux,  and  in  some  cases  in¬ 
clude  fluid  flow.  The  hypersonic  wind  tunnels  focus  on 


the  free  stream  fluid  velocity.  The  plasmatron  or  arc-jet 
test,  generally  considered  to  be  the  closest  to  real  con¬ 
ditions,  focuses  on  reproducing  the  heat  flux  and  in¬ 
cludes  the  effect  of  catalytic  recombination  of  gases. 
Finally,  testing  using  real  hypersonic  flights  is  rare  and 
expensive.2 

In  this  work,  a  new  method  of  evaluating  materials 
under  hypersonic  flow  conditions  was  developed  and 
evaluated.  A  direct-connect  scramjet  combustor  rig,  de¬ 
signed  based  on  the  needs  for  hypersonic  flight  and  de¬ 
scribed  elsewhere,10  was  explored  for  use  as  a  wind 
tunnel.  A  methodology  to  introduce  samples  into  the 
flow  path  of  the  combustor  was  examined  using  a  com¬ 
bination  of  modeling  and  experimental  trials.  In  the  fi¬ 
nal  design  that  emerged  after  several  iterations,  a  LE 
configuration  was  used  to  expose  two  samples,  one  of 
SiC  and  another  of  20%  vol  SiC-HfB2.  Both  samples 
were  tested  successfully  using  this  novel  method  under 
conditions  that  we  show  represent  free  stream  flight 
Mach  number  of  6.5  at  an  altitude  of  25  km.  Instru¬ 
mentation  of  the  samples  was  used  to  validate  aerother¬ 
mal  models.  The  test  was  examined  critically  in  terms  of 
its  ability  to  subject  the  sample  to  aerothermal  condi¬ 
tions  that  match  the  conditions  predicted  to  exist  in  real 
flight.  Results  show  that  conditions  very  close  to  real 
flight  can  be  reproduced  quite  well  with  respect  to  heat 
flux,  total  temperature,  and  fluid  velocity,  and  reason¬ 
ably  well  with  respect  to  fluid  composition.  The  rig  also 
included  realistic  mechanical  and  thermo-mechanical 
loading  in  terms  of  vibrations  and  thermal  shock. 

This  paper  is  organized  as  follows.  We  start  with  a 
brief  description  of  the  rig,  and  present  the  modeling 
methods  that  helped  in  preliminary  designs,  before  pre¬ 
senting  the  sample  holder  design  and  the  actual  expo¬ 
sure  experiments  performed.  After  presenting  the 
results  of  the  model  and  experiments,  we  end  with 
a  discussion  of  how  well  the  test  simulates  free  flight 
conditions. 

Scramjet  Direct-Connect  Rig 

Gruber  et  al. 1 0  have  designed  and  fabricated  a  di¬ 
rect-connect  full-scale  scramjet  combustor  test  facility 
for  studies  on  supersonic  combustion,  fuel  injection, 
flame  holding,  and  other  aspects  of  propulsion.  This  test 
facility  provides  combustor  inlet  flow  conditions  corre¬ 
sponding  to  flight  Mach  numbers  between  3.5  and  7,  at 
dynamic  pressures  up  to  95.8  kPa.  Most  of  the  major 
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Table  I.  A  List  of  Various  Test  Methods  Used  to  Simulate  Material  Effects  During  Hypersonic  Flight  Conditions, 

Along  with  their  Relative  Merits  and  Demerits 


Method 

Imposed  condition 

Merits 

Demerits 

Air  furnace 

Ttot.  (or  calc.  TmM) 

Ease  of  use 

Ignores  flow  (shear) 

No  thermal  gradient/transients 
Does  not  include  catalytic 
recombination 

Ignores  mechanical  effects 

Laser  (LHMEL) 

Calculated  heat  flux 

High  temperature, 
heating  rates 

Ignores  emissivity  changes 

No  catalytic  recombination 
effects 

Low  fluid  velocities,  if  present 
Typically  uses  flat  substrate 
geometry 

Ignores  mechanical  effects 

Hypersonic  wind  tunnel 

Hypersonic  fluid  flow 

Very  high  fluid 
velocities 

Imposes  low  Ttot 

Wrong  gas  chemistry 

Plasmatron  (arc  jet) 

Calculated  heat  flux 

Catalytic 

recombination 

Expensive,  imposes  low  flow 

Uses  mostly  dissociated  gases 
Ignores  mechanical  effects 

Real  hypersonic  flights 

Real  conditions 

Real  conditions 

Rare,  expensive 

Scramjet  wind  tunnel 
(present  work) 

Hypersonic  combustion 

Includes  all  effects 

Inaccuracies  in  gas  chemistry 
Possible  inaccuracy  in  degree 
of  dissociation  above  Mach  7 

calc.,  calculated;  tot.,  total;  mat.,  material. 


components  of  the  new  facility  are  water  cooled.  The 
facility  includes  a  variety  of  conventional  and  advanced 
instrumentation  for  accurate  documentation  of  comb¬ 
ustor  inlet  and  exit  conditions.  The  rig  has  been  cali¬ 
brated  to  obtain  profiles  of  pitot  pressure,  total 
temperature,  and  wall  static  pressure  distributions  for 
a  wide  range  of  inlet  conditions.  In  addition,  combus¬ 
tion  fluid  dynamics  (CFD)  modeling  of  the  rig  has  been 
conducted  to  obtain  predicted  conditions  within  the  rig, 
and  found  to  be  in  good  agreement  with  experiments. 
Further  details  can  be  found  elsewhere.10-13 

In  a  more  recent  development,  the  rig  has  been  re¬ 
designed  to  an  axisymmetric  configuration  and  similar 
calibration  and  CFD  modeling  have  been  completed, 
results  of  which  are  not  yet  published,  but  were  used  in 
interpreting  the  results  of  this  work.  The  axisymmetric 
rig  was  calibrated  the  same  way  as  the  rectangular  rig, 
and  the  entire  operation  was  identical  from  the  perspec¬ 


tive  of  the  user.  Preliminary  studies  in  this  work  where 
model  development,  sample  holder  design,  and  valida¬ 
tion  were  conducted  used  the  first-generation  rig  of  a 
rectangular  cross  section,  while  later  runs  that  included 
the  successful  exposure  of  samples  to  near-flight  condi¬ 
tions  were  conducted  using  the  next-generation  rig  with 
an  axisymmetric  cross  section. 

Modeling  Fluid-Structure  Interactions  Under 
Hypersonic  Flow 

The  objective  of  the  modeling  work  was  to  simul¬ 
taneously  (a)  develop  and  validate  a  hypersonic  flow 
fluid-structure  interaction  model  and  (b)  use  the  model 
to  help  to  design  a  sample  holder  to  be  used  for  expos¬ 
ing  samples  of  LE  prototype  subcomponents.  The  mod¬ 
eling  involved  a  combination  of  CFD  and  FEA  models 
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along  with  equations  describing  aerothermal  effects  of 
hypersonic  flow.  For  a  given  operating  condition  of  the 
rig,  the  relevant  fluid  parameters  (detailed  below)  ob¬ 
tained  from  CFD  were  used  to  calculate  the  heat  flux 
distribution  on  the  material  using  aerothermal  models. 
With  this  heat  flux  distribution  as  input,  an  FEA  model 
was  used  to  calculate  thermal  and  mechanical  states  of 
the  sample  holder  as  a  function  of  the  material  choice 
and  geometry.  Using  different  geometry  and  material 
parameters,  and  validating  predictions  using  preliminary 
experiments,  a  suitable  design  was  evolved.  Details  of  the 
LE  sample  geometry  and  position  in  the  rig  are  described 
later;  briefly,  the  sample  is  to  have  a  sharp  radius  of  cur¬ 
vature  and  located  beyond  0.5  in.  from  the  combustor 
wall  to  avoid  boundary  layer  effects. 

CFD  simulations  of  the  unobstructed  rig  were  per¬ 
formed  using  the  CFD  +  +  code,  a  general-purpose 
CFD  tool  developed  by  Metacomp  Technologies 
(Agoura  Hills,  CA).  CFD  +  +  has  several  types  of 
Riemann  solvers;  the  HLLC  Riemann  solver  with  Min- 
mod  flux  limiting  was  used  in  the  simulations  used  here. 
At  solid  surfaces,  an  advanced  two-layer  wall  function 
with  the  blended  mode  of  equilibrium  and  nonequilib¬ 
rium  was  used  to  reduce  grid  requirements.  The  turbu¬ 
lent  Schmidt  and  Prandtl  numbers  that  control  the 
modeled  turbulent  transport  of  mass  and  energy,  re¬ 
spectively,  were  set  to  constant  values.  For  runs  with 
combustion,  ignition  was  achieved  through  the  use  of  a 
quasi-global  ethylene  reaction  model  and  by  reducing 
the  activation  energy  by  an  order  of  magnitude. 

The  CFD  results  for  the  static  temperature,  pres¬ 
sure,  and  fluid  velocities  over  the  region  of  interest  in 
the  rig  are  shown  in  Fig.  1  for  the  case  of  full  combus¬ 
tion  with  an  equivalence  ratio  (ER)  of  0.5,  along  with 
the  total  temperature  contours  calculated  using  the  well- 
known  compressible  flow  equations7: 


M=U/Py(R/Mw)T 

(1) 

II 

+ 

1 

(2) 

where  U  is  the  fluid  velocity,  R  the  universal  gas  con¬ 
stant,  Mw  the  molecular  weight  of  air,  7\,  Tt  the  static, 
and  total/stagnation  temperatures,  respectively,  M  the 
mach  number,  and  y  the  ratio  of  specific  heats  of  air. 

These  results  were  used  in  an  FEM  structural 
model  to  predict  thermal  gradients  and  stresses  result¬ 
ing  from  the  same.  The  fluid  heat  flux  was  modeled 


using  aerothermal  equations  as  given  in  the  report  by 
Ames  Research  Staff7  and  the  aerothermal  heat  flux 
equation  is  given  by  Zoby14  as 


Qw  (W/m2)  =  3.88  x  10~\  ~  K)  (3) 

V  r  (m) 


(Aaw  -  Aw)  (kJ/kg)  =  Cp(Tt  -  rwall)  (4) 


where  Qw  is  the  stagnation  heat  flux  on  the  material,  r 
the  radius  of  curvature  of  the  cylindrical  sample,  /?aw  the 
adiabatic  wall  enthalpy,  hw  the  enthalpy  of  air  calculated 
at  the  material  wall  temperature,  Cp  the  specific  heat  of 
air,  the  Zwan  the  material  wall  temperature.  The  stag¬ 
nation  or  total  pressure  behind  the  bow  shock,  y>t2,  is 
given  by  the  Raleigh  pitot  tube  formula: 


Pm  —  p\ 


y-M \  J-'  /  (y+1)7W2  \ ^  2 

,  2  )  \2yNP-{y-  l)J 


(5) 


where  pi  is  the  free  stream  (static)  pressure.  The  quan¬ 
tities  pt 2  and  Tt  were  taken  from  the  CFD  results  as 
dependent  on  the  distance  from  the  containment 
wall,  and  the  distribution  over  the  cylindrical  edge  was 
assumed  to  follow  a  cosine  distribution,  that  is 
Q(0)  =  Qcw(l  —  rwaii/rt)cos0,  where  Qcw  is  the 
cold  wall  flux  found  by  setting  Twan  =  0  in  Eq.  (3) 
and  0  is  the  angle  measured  from  the  stagnation 
point.  The  flux  is  taken  to  drop  off  as  the  square  root 
of  distance  over  the  flat  portion  of  a  wedge-shaped 
specimen.5 

Radiation  exchange  between  the  sample  and  the 
containment  vessel  is  important  to  incorporate  into 
the  model.  The  radiative  heat  flux  was  calculated  using 
the  measured  containment  wall  (sink)  temperature  of 
280°C.  The  metal  plate  holding  the  sample  holder  was 
fixed  around  its  outer  edge  to  a  temperature  graded 
from  150°C  inside  the  rig  (measured  using  thermocou¬ 
ple)  to  40°C  (estimate)  outside.  The  calculations  in¬ 
cluded  a  gap  conductance  condition  between  the  holder 
and  the  plate.  Both  steady-state  temperatures  with  full 
combustion  on  and  the  transients  during  cool  down 
were  modeled,  along  with  stresses  arising  from  the  same. 
The  calculations  were  performed  for  two  candidate  ma¬ 
terials,  alumina  and  SiC,  which  were  also  tested  exper¬ 
imentally.  The  results  were  compared  with  experimental 
measurements  of  temperature  of  the  sample  holder,  dis¬ 
cussed  in  the  next  section. 


Distribution  Statement  A.  Approved  for  public  release;  distribution  unlimited. 


836 


International  Journal  of  Applied  Ceramic  Technology — Parthasarathy,  et  al. 


Vol.  8,  No.  4,  2011 


0  0,05  OJ  0.15  0  0,05  0.1 

z  z 


Z=0  m  (0-inches) 

combustor  centerline 

Z=0.1 143  m  (4.5-inches) 

combustor  side  wall 

Y=-0.0127m  (-0.5-inches) 

combustor  bottom  wall 

Y=0.1382  m  (5.44-inches) 

combustor  top  wall 

J 

0,15 


T,  K 


0  0.05  0,1  0/S 

Z 


Fig.  1.  Results  from  combustion  fluid  dynamics  calculations  of  (a)  static  temperature  in  K  (b)  static  pressure  in  Pa  (c)  fluid  velocity  in  mis, 
and  (d)  calculated  total  temperature  across  the  combustor  section  where  the  samples  were  designed  to  be  introduced.  The  dimensions  are  in 
meters.  The  calculations  were  for  an  equivalence  ratio  of  0.5. 


Sample  Holder  Designs 

Requirements  that  the  sample  holder  design  had  to 
meet  included  that  (a)  it  can  sustain  the  mechanical  and 
thermal  loading  of  the  scramjet  flow  path  conditions, 


(b)  it  can  hold  a  LE  sample  in  the  flow  path,  and  (c)  it 
allows  for  instrumented  measurement  of  temperature  of 
the  sample  without  an  obstruction  to  the  flow.  The 
current  propulsion  design  requirements  call  for  the  cowl 
LE  of  the  hypersonic  engine  to  have  a  762  pm  (30  mil) 
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radius  of  curvature  at  the  end  facing  the  flow,  with  its 
thickness  increasing  with  distance,  away  from  the  flow 
at  a  wedge  angle  of  12°.  Aerothermal  modeling  con¬ 
ducted  in  an  earlier  study  has  shown  that  there  is  a  steep 
gradient  in  heat  flux  at  the  LE  and  that  the  material 
temperature  will  drop  drastically  away  from  the  edge  at 
a  rate  of  over  a  several  hundred  degrees  C/mm.5  Thus,  it 
was  determined  for  the  purposes  of  this  work  that  a  LE 
that  is  12.7  mm  (0.5  in.)  long  was  sufficient  to  repro¬ 
duce  the  high  temperatures  at  the  tip  and  the  steep 
temperature  gradient  that  the  material  will  have  to  with¬ 
stand  during  service.  The  limitations  of  space  in  the  flow 
path  determined  the  span  length  of  the  sample.  A 
12.7  mm  (0.5  in.)-long  sample  was  considered  appro¬ 
priate  such  that  two  samples  could  be  introduced  during 
a  single  run  (Fig.  2).  The  heat-flux-induced  thermal 
gradients  during  steady  state  and  the  thermal  shock  re¬ 
sulting  from  abrupt  cooling  were  the  most  stringent 
conditions  that  imposed  the  highest  stresses  in  the  ma¬ 
terial.  These  conditions  were  used  to  evaluate  material 
survivability.  The  intensity  and  spectra  of  the  mechan¬ 
ical  vibrations  were  unknown  a  priori  and  had  to  be 
studied  through  actual  trials. 

A  schematic  of  the  basic  sample  holder  design  con¬ 
cept  is  shown  in  Fig.  2.  After  a  few  iterations,  a  dovetail 


0.5" 


Fig.  2.  Basic  aspects  of  the  design  of  (a)  the  sample  and  (h)  the 
sample  holder.  The  sample  was  required  to  have  a  leading  edge 
radius  of  curvature  of 762  \xm  (30  mils)  and  a  wedge  angle  of  12 
as  per  propulsion  performance-based  design.  The  sample  length  and 
width  were  determined  based  on  available  flow  path  dimensions  in 
the  scramjet  rig.  The  sample  holder  was  designed  to  have  a  dovetail 
with  a  close  fit  tolerance  to  prevent  vibrational  chatter.  The  fit  was 
adjusted  in  some  cases  with  ceramic  fiber  tows  between  the  sample 
and  the  base  of  the  groove. 


holder  was  selected,  because  it  eliminates  any  further  ma¬ 
chining  of  the  sample  and  reduces  the  possibility  of  flaw- 
induced  premature  failure.  In  terms  of  material  choice  and 
attachment  to  the  combustor  wall,  two  designs  were  con¬ 
sidered,  a  hot  uncooled  ceramic  holder  and  a  water-cooled 
metallic  holder.  The  uncooled  ceramic  holder  was  con¬ 
sidered  as  it  provides  the  least  intrusion  to  the  thermal 
environment,  while  the  cooled  metallic  holder  was  con¬ 
sidered  because  set  screws  could  be  used  to  firmly  hold  the 
LE  samples  and  because  it  was  expected  to  be  much  more 
reliable  and  reusable.  Further,  the  metallic  holder  could  be 
made  longer  and  thus  was  useful  to  test  multiple  LE 
specimens  in  a  single  run. 

The  first  design  based  on  an  uncooled  ceramic 
holder  was  used  for  model  validation,  in  which  the 
sample  holder  without  the  LE  sample  and  the  dovetail 
groove  was  run  to  obtain  thermal  profiles.  Evaluation  of 
the  stability  of  the  holder  and  thermal  response  of  the 
material  were  conducted  using  alumina  and  SiC  as  ma¬ 
terial  choices.  A  schematic  of  the  geometry  and  other 
details  used  in  this  evaluation  run  is  shown  in  Fig.  3. 
The  ceramic  holder  along  with  the  base  plate  was  held  in 
place  through  a  window  opening  in  the  combustor,  to 
which  the  metallic  base  was  mechanically  attached.  The 
ceramic  holder  was  held  in  place  as  shown  in  Fig.  3.  A 
thermocouple  was  attached  to  the  holder  through  a 
blind  hole  from  the  backside,  such  that  the  material 
temperature  within  2.5  mm  of  the  front  LE  could  be 
measured  and  compared  with  model  predictions. 

Based  on  the  results  of  the  above-mentioned  trials, 
the  setup  shown  in  Figs.  4a  and  b  was  designed,  fabri¬ 
cated,  and  tested  in  the  scramjet  direct  connect  rig  using 
LE  samples  made  of  SiC  and  20%  vol  SiC-FifB2.  The 
ceramic  holder  shown  in  Fig.  4a  had  the  same  thermo¬ 
couple  design  as  used  in  the  preliminary  runs  and  relied 
on  friction  in  the  dovetail  joint  to  retain  the  sample. 

The  metal  holder  shown  in  Fig.  4b  was  an  inter¬ 
nally  water-cooled  Inconel  tube  with  a  protective  coat¬ 
ing  on  the  hot  side.  The  hot  side  (front  face)  of  the  tube 
was  protected  with  a  plasma-sprayed  zirconia  thermal 
barrier  coating  (TBC).  This  metallic  holder  used  set 
screws  to  prevent  the  possible  slip  of  the  sample  within 
the  dovetail.  The  dovetail  holder  was  made  of  inconel 
and  was  attached  to  the  tube  by  TIG  welding.  Moni¬ 
toring  the  temperature  of  the  LE  samples  at  the  back 
side  was  accomplished  through  an  insertion  of  a  ther¬ 
mocouple  through  a  small  diameter  tube  that  ran  across 
the  diameter  of  the  sample  holder  tube  as  shown  in 
Fig.  4b. 
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Fig.  3.  Schematic  drawing  of  the  first  sample  holder  design  that 
was  used  to  validate  the  aerothermal  model.  The  shaded  regions 
represent  4140  steel,  which  sat  in  an  existing  window  boss  in  the 
combustor  wall  that  was  water  cooled.  The  cream  region  is  the 
leading  edge  sample  holder,  which  was  made  of  either  alumina  or 
SiC,  the  two  materials  chosen  for  the  trial  runs.  The  thermocouple 
was  at  a  location  of 2.5  mm  from  the  leading  edge  of  the  cylindrical 
sample  holder,  which  was  exposed  to  hypersonic  flow.  The  pin  was 
used  to  locate  the  sample  holder  in  the  proper  orientation,  and  the 
fibrofil  was  used  to  dampen  vibrations. 

Experiments 

The  details  of  the  scramjet  operations  and  the  con¬ 
ditions  of  operations  can  be  found  in  Gruber  and  col¬ 
leagues.10-13  The  conditions  in  the  chamber  behind  the 
combustor,  in  which  the  samples  were  exposed,  were 
derived  from  prior  calibrations  carried  out  on  the  rig, 
described  in  Gruber  and  colleagues.10-13  In  the  present 
work,  the  sample  holders  with  or  without  the  LE 


samples  were  introduced  through  a  preexisting  window 
opening  (instrumentation  port)  in  the  rig  in  the  post¬ 
combustion  exhaust  section.  The  rig  was  operated  under 
two  settings,  one  using  only  vitiated  air  and  another 
with  combustion.  In  the  vitiated  air  condition,  heat  is 
added  through  the  controlled  combustion  of  com¬ 
pressed  natural  gas,  but  the  loss  of  oxygen  through  com¬ 
bustion  is  compensated  by  the  addition  of  the 
appropriate  amount  of  oxygen.  Thus,  in  the  vitiated 
condition,  the  oxygen  partial  pressure  of  the  gas  is  very 
close  to  ambient  air,  while  the  combustion  condition 
introduced  a  further  change  in  chemistry  where  oxygen 
upon  reaction  with  the  fuel  is  replaced  with  carbon  di¬ 
oxide  and  water.  The  gas  chemistry  changes  with  the 
ER,  which  is  the  ratio  of  fuel  to  air.  The  ER  affects  the 
gas  chemistry  along  with  enthalpy  of  the  flowing  gas 
arising  from  combustion.  The  ER  was  variable  during 
the  test  and  was  gradually  increased  until  the  desired 
material  temperature  was  reached  or  the  specimen 
failed.  The  temperature  readings  were  continually  mon¬ 
itored,  and  in  all  but  one  experiment  the  specimens  were 
continually  monitored  through  a  window  using  a  stan¬ 
dard  optical  video  camera.  The  rig  is  instrumented  to 
continually  monitor  the  parameters  of  the  run;  these 
parameters  along  with  prior  calibration  yielded  the  static 
pressure,  total  temperature,  and  fluid  velocity  at  the  lo¬ 
cation  of  the  specimens.  These  parameters  were  used  to 
interpret  the  conditions  to  which  the  sample  or  sample 
holder  were  subjected.  The  combustor  was  typically 
started  using  a  vacuum  pulled  from  the  exhaust  side, 
before  compressed  air  was  introduced  from  the  inlet 
side.  The  vitiator  was  started  next  and  the  temperature 
of  the  fluid  slowly  increased  in  fixed  calibrated  incre¬ 
ments  denoted  by  total  temperature  settings.  Finally,  the 
combustor  was  turned  on  at  a  fixed  ER  value,  typically 
0.3,  before  being  increased  to  a  predetermined  final  ER 
value.  The  run  segments  with  full  combustion  were 
limited  in  duration  to  prevent  the  temperature  of  the 
combustor  walls  from  exceeding  their  limits.  A  typical 
combustion  segment  was  run  for  30  s  at  a  given  ER 
value,  before  the  water-cooled  combustor  walls  would 
get  too  hot  to  continue,  at  which  time  the  combustor 
would  be  shut  down  to  the  vitiator  state,  for  a  few  min¬ 
utes  before  another  combustor  run  could  commence. 

Initial  runs  were  designed  to  examine  the  dura¬ 
bility  of  the  sample  holder  and  to  compare  material 
temperatures  with  model  predictions.  All  of  these  runs 
were  made  using  the  rectangular  cross-section  config¬ 
uration  of  the  scramjet  rig  described  by  Gruber  et  al}Q 
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Fig.  4.  Schematic  sketches  of  the  two  designs  for  holding  and  exposing  leading  edge  samples  in  the  flow  path  of  the  scramjet  direct  connect  rig. 
In  (a),  the  sample  holder  is  uncooled  ceramic  with  minimal  intrusion  to  thermal  exposure,  and  in  (h),  the  sample  is  held  firmly  in  place  using 
set  screws  in  a  water-cooled  metallic  holder,  which  offers  a  more  robust  and  reusable  design. 


Alumina  was  selected  as  the  material  for  the  first  test  of 
the  ceramic  holder,  based  on  availability  and  cost.  The 
experimental  setup  had  provisions  to  expose  two  sam¬ 
ples  in  a  given  run,  one  sample  being  close  to  the 
center  of  the  rig  and  the  other  away  from  the  center. 
The  alumina  holder  survived  the  vitiator  only-setting, 
and  survived  the  combustor  runs  for  ER  settings  up  to 
0.5;  but  it  failed  under  thermal  shock  during  comb¬ 
ustor  shut  down.  The  second  material  choice  for  the 
ceramic  holder  was  SiC,  and  this  material  withstood 
several  segment  runs  of  the  combustor  for  ER  settings 
of  0.6,  0.7,  0.8,  and  0.9  with  associated  total  temper¬ 
atures  of  approximately  2200,  2250,  2350,  and 
2400  K,  respectively.  The  temperatures  at  the  location 
shown  in  Fig.  3  were  measured  continuously  for  all 
these  runs.  Based  on  this,  LE  samples  were  run  with 
the  SiC  sample  holder  in  the  configuration  shown  in 
Fig.  4a.  Unfortunately,  the  samples  did  not  stay  in  the 
holder  during  this  run. 

The  water-cooled  inconel  tube  sample  holder  was 
used  for  the  remaining  runs  as  it  provided  for  a  means  of 
retaining  the  LE  samples  through  the  use  of  set  screws  as 


shown  in  Fig.  4b.  This  sample  holder  was  inserted  into 
the  scramjet  rig  with  an  axisymmetric  cross  section.  Two 
LE  samples,  one  made  of  SiC  and  one  made  of 
20%  vol  SiC-FifB2  were  run  using  this  metallic  holder 
in  the  axisymmetric  rig.  Both  samples  survived  several 
segments  of  full  combustor  runs  for  ER  values  of  0.3, 
0.4,  and  0.45,  which  corresponded  to  total  temperatures 
of  1600,  1800,  and  1900  K,  respectively.  These  runs 
confirmed  that  a  means  to  subject  LE  samples  to  hy¬ 
personic  flow  was  achieved. 

Results 

The  results  obtained  from  the  modeling  work  and 
the  experimental  work  will  be  presented  together  in  this 
section  for  the  sake  of  clarity.  The  model  results  for  the 
sample  holder  will  be  presented  first  along  with  exper¬ 
imental  data  demonstrating  validation  of  the  model. 
The  model  simulations  with  the  LE  samples  in  the 
holder  will  be  presented  next,  along  with  the  experi¬ 
mental  results  for  the  runs  with  LE  samples. 
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Steady  state  predictions  for  alumina  0.5”  dia 
Exposed  to  hypersonic  flow  at  ER=0.5,  Ttot=2100K 
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Fig.  5.  Predictions  of the  model  under  steady  state  for  the  case  of  alumina,  12. 7  mm  (0.5  in.)  in  diameter  exposed  to  hypersonic  flow  inside  the 
scramjet  rig  for  the  case  of  vitiatorE  combustor  at  equivalence  ratio  (ER)  =  0.5,  which  corresponds  to  a  total  temperature  of 2100  K.  The  peak 
temperature  at  the  leading  edge  is  predicted  to  be  1780 K,  with  a  gradient-induced  stress  of  151  MPa.  For  SiC,  the  peak  temperature  was 
predicted  to  be  1400 K  with  a  gradient-induced  stress  <  10  MPa. 


Figure  5  shows  the  temperature  and  stresses  calcu¬ 
lated  for  the  alumina  sample  holder  at  steady  state  for 
the  case  of  full  combustion  with  ~2100  K  total  tem¬ 
perature,  obtained  for  a  ER  setting  of  0.5.  It  is  observed 
that  the  alumina  surface  temperature  is  predicted  to 


reach  a  maximum  at  the  LE,  up  to  a  value  of  1780  K 
(1507°C),  which  is  within  the  allowable  range  for 
alumina.  The  thermal-gradient-induced  stress  is  rather 
high,  151  MPa,  but  is  within  the  typical  fracture 
strength  of  alumina,  and  within  the  creep  limits  for 


Fig.  6.  The  total  temperatures  (from  calibration)  and  specimen  thermocouple  readings  measured  during  a  run  on  the  scramjet  rig,  with  two 
SiC  sample  holders  placed  in  the  flowpath.  The  equivalence  ratio  (ER)  settings,  ER  values,  are  given  for  each  combustor  segment.  Snapshots 
from  the  movie  taken  during  the  run  are  included  for  two  ER  cases  as  well  as  during  combustor  shutdown.  The  last  image  shows  the  intact  SiC 
sample  holders  after  the  eight  combustor  segments. 
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Fig.  7.  (a)  Model  predictions  for  the  sample  temperatures  at  the  surface  (peak)  and  at  the  TC  location  (2.5  mm  from  surface)  for  alumina  and 

SiC  are  shown  as  a  function  of  time  along  with  the  total  temperature  of  the  gases.  In  (h),  the  principal  stresses  predicted  by  the  model  are  shown  as 
a  function  of  time,  including  those  during  the  shut-down  transients  for  alumina  and  SiC  using  measured  cooling  rates  shown  in  Fig.  6.  The  plots 
show  that  for  alumina,  the  allowable  stress  of 300 MPa  is  exceeded.  The  predicted  peak  transient  stress  for  SiC  was  <20  MPa,  rationalizing  the 
successful  performance  observed.  In  (c),  the  model  predictions  for  the  TC  location  (solid  lines)  are  shown  compared  with  the  experimental  data 
(symbols)  for  the  case  of  SiC  sample  holders  (seen  in  Fig.  6). 


short  duration  (5  min  or  less).  Because  of  its  high  ther¬ 
mal  conductivity,  the  peak  temperature  predicted  for 
SiC  was  a  lot  less  at  1400  K,  with  a  thermal  stress 
<  10  MPa,  thus  ensuring  survival. 

The  alumina  sample  holder  survived  the  vitiator- 
only  condition  but  was  found  to  have  failed  after  the  run 
with  the  combustion  at  ER  =  0.5.  The  SiC  sample 
holder  survived  all  of  the  combustor  segment  cycles  it 
was  subjected  to.  The  temperature  measurements  and 
visual  observations  are  shown  in  Fig.  6.  The  experiment 
consisted  of  exposing  two  samples  at  a  time,  one  closer 
to  the  center  of  the  rig  and  the  other  closer  to  the  wall, 
but  both  were  outside  the  0.5  in.  boundary  layer.  The 
variation  in  gas  temperatures  resulted  in  a  temperature 


difference  between  the  two  readings  of  about  50 °C.  The 
plots  show  the  rapid  cool  down  associated  with  comb¬ 
ustor  shut  down. 

Note  that  the  total  temperatures  are  much  higher 
than  the  sample  readings  that  were  measured  about 
2.5  mm  beneath  the  surface.  The  results  from  the  ther- 
mostructural  FEM  modeling  of  the  samples  using  the 
CFD  results  for  the  conditions  of  the  test  are  shown  in 
Fig.  7.  In  Fig.  7a,  the  predicted  sample  temperatures  at 
the  surface  (peak)  and  at  the  measurement  location 
(2.5  mm  from  surface)  are  shown  for  alumina  and 
SiC,  using  the  temperature-independent  material  prop¬ 
erties  shown  in  the  plots.  For  alumina,  the  surface  tem¬ 
perature  is  higher  than  the  measured  temperature  but 
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still  below  the  total  temperature,  as  can  be  expected. 
The  temperature  at  the  TC  location  for  SiC  is  very  close 
to  that  in  alumina,  but  the  higher  conductivity  of  SiC 
results  in  a  lower  surface  (peak)  temperature.  In  Fig.  7b, 
the  steady-state  and  transient  thermal  stresses  predicted 
by  the  model  are  shown  for  the  cases  of  the  alumina  and 
SiC  holders.  The  transient  predictions  were  based  on 
the  cooling  rates  observed  in  the  scramjet  rig  as  shown 
in  Fig.  6.  It  is  observed  that  even  though  steady-state 
stresses  were  low,  around  150  MPa  (at  the  location 
shown  in  Fig.  5),  the  transients  are  predicted  to  be 
high  enough  to  result  in  fracture  for  alumina.  It  is  seen 
that  for  alumina  the  allowable  stress  of  300  MPa  is  ex¬ 
ceeded.  The  predicted  peak  transient  stress  for  SiC  was 
<  20  MPa,  rationalizing  the  successful  performance  ob¬ 
served.  In  Fig.  7c,  the  model  predictions  (shown  as 
lines)  are  compared  with  the  experimentally  measured 
temperature  data  (shown  as  symbols)  using  a  plot  that 
shows  how  the  sample  temperature  varies  with  total 
temperature,  which  varied  in  discrete  steps  during  the 
run  as  the  vitiator  and  combustor  ER  settings  were 
changed.  The  data  are  found  to  be  in  good  agreement 
with  the  predictions,  thus  validating  the  model. 

Figure  8  shows  the  results  from  the  experimental 
run  in  which  two  LE  specimens,  one  of  SiC  and  another 
of  20%  vol  SiC-FifB2  (UHTC),  were  subjected  to  hy¬ 


personic  flow  using  the  metallic  sample  holder.  The 
measured  temperatures  are  shown  plotted  along  with 
the  total  temperature  corresponding  to  the  three  comb¬ 
ustor  segment  runs,  with  ER=  0.3,  0.4,  and  0.45.  Im¬ 
ages  captured  from  the  video  are  shown  for  peak 
conditions  and  during  cool  down.  Images  of  the  sam¬ 
ples  before  and  after  the  run  are  included  which  show 
that  the  samples  were  intact  during  the  entire  run.  The 
LE  samples  were  removed  from  the  holder  with  some 
difficulty,  and  these  are  shown  in  Fig.  9.  The  SiC  sam¬ 
ple  broke  during  removal;  it  is  possible  that  damage  was 
introduced  during  the  run  that  caused  this  failure.  The 
UFiTC  sample  was  removed  without  any  failure.  There 
was  no  significant  build  up  of  oxidation  products  on  the 
LE  samples  and  no  observable  recession  of  the  LE  in 
both  SiC  and  UHTC  samples.  Note  that  the  bluntness 
observed  at  the  tip  of  the  SiC  sample  in  Fig.  9  is  due  to 
an  error  in  machining  and  was  present  before  exposure. 
There  were  abrasion  marks  clearly  visible  where  the 
dovetail  holder  and  set  screws  contacted  the  LE  sample. 
This  indicated  that  there  were  significant  vibrations  and 
chatter  from  the  acoustic  conditions  they  were  exposed 
to,  and  at  least  partly  from  variations  in  the  flow.  The 
SiC  samples  likely  failed  at  this  location  during  removal. 
The  actual  combustion  gas  composition  varies  with  ER 
setting,  and  is  shown  in  Fig.  10.  It  is  seen  that  even  at 
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Fig.  8.  A  plot  of  total  temperature  versus  time  of  exposure  in  the  axisymmetric  rig  of  leading  edge  (LE)  samples  of  SiC  and  ultra  high- 
temperature  ceramics  (UHTC)  (20%SiC—HfB2)  using  an  internally  cooled,  thermal  barrier-coated  metallic  sample  holder.  Thermocouple 
readings  measured  at  the  base  of  the  12.7  mm  (0.5  in.)-long  LE  wedge  samples  are  shown.  The  UHTC  samples  were  close  to  the  center  of  the 
rig,  while  the  SiC  sample  was  closer  to  the  wall. 
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Fig.  9.  The  leading  edge  (LE)  samples  of  SiC  and  ultra  high- 
temperature  ceramics  (UHTC)  after  exposures  in  the  axisymmetric 
rig  subjected  to  equivalence  ratios  of  0.3,  0.4,  and  0.45  as  shown  in 
Fig.  7.  The  samples  survived  the  conditions  without  any  noticeable 
degradation.  The  SiC  sample  broke  during  removal  from  the  holder 
and  it  is  possible  that  failure  was  initiated  by  the  damage  induced 
during  the  run.  Evidence  of  mechanical  vibrations  can  be  seen  from 
the  abraded  metallic  material  on  the  samples  where  the  dovetail 
holder  meets  the  sample,  and  where  the  set  screw  touches  the  sample, 
evident  in  the  UHTC  sample. 


ER  =  0.9  there  is  a  significant  amount  of  oxygen  pres¬ 
ent;  however,  due  to  the  short  duration  of  the  runs,  ox¬ 
idation  of  the  samples  was  negligible. 


Discussion 

In  this  work,  a  new  test  procedure  to  subject  ma¬ 
terials  directly  to  hypersonic  flow  was  designed  and  has 
been  demonstrated  to  be  feasible.  It  remains  to  examine 
how  well  this  method  simulates  the  realistic  conditions 
of  hypersonic  flight.  We  examine  the  conditions  in  the 
rig  that  are  relevant  to  material  survivability  and  com¬ 
pare  them  to  those  that  exist  during  free  flight;  a  good 
match  should  validate  the  methodology.  Free-flight  con¬ 
ditions  are  fully  determined  by  Mach  number  and 
altitude;  the  conditions  in  the  rig  are  fully  determined 
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Fig.  10.  The  chemistry  of  the  gases  that  the  leading  edge  samples 
were  exposed  to  varied  with  the  level  of  combustion  as  determined 
by  the  equivalence  ratio  (ER)  setting  during  the  run,  as  shown  by 
the  dotted  lines  in  the  plot.  The  ER  =  0  corresponds  to  vitiator-only 
condition.  The  solid  blue  and  red  lines  correspond  to  the  ambient 
composition  for  reference.  In  the  rig,  the  oxygen  decreases  from  near- 
atmospheric  value  in  the  vitiator-only  state,  to  roughly  half  of  it  at  a 
setting  ofER  —  0. 6.  There  is  a  significant  partial  pressure  of  oxygen 
in  the  combusted  gas  mixture,  and  thus  still  a  reasonable  simulation 
of  realistic  conditions  with  regard  to  oxidation;  however,  there  is  a 
significant  amount  ofH20  and  C02. 


by  total  temperature,  static  pressure,  and  fluid  velocity. 
Ideally,  all  important  parameters  for  these  two  should 
match. 

The  parameters  that  characterize  the  aerothermal 
effects  with  respect  to  material  survivability  and  thus  a 
measure  of  simulation  fidelity  are  (a)  heat  flux  (fully 
catalytic),  (b)  total/stagnation  temperature,  (c)  total/ 
stagnation  pressure,  (d)  dynamic  pressure,  (e)  fluid  ve¬ 
locity  at  the  material  surface  (behind  the  shock  wave), 
(f)  fluid  composition,  (g)  degree  of  dissociation  of  gas¬ 
eous  elements  and  catalytic  recombination  at  material 
surface,  and  (h)  mechanical  loading  from  vibrations  and 
shock.  The  first  seven  parameters  can  be  measured  or 
calculated.  The  last  parameter  is  difficult  to  quantify; 
however,  we  believe  the  conditions  in  the  scramjet  rig 
are  a  good  start  for  the  simulation  of  real  conditions  in 
that  vibrations  and  thermal  shock  were  clearly  present 
(evidenced  by  markings  on  the  LE  sample  shown  in 
Fig.  9). 

Turning  to  the  seven  tractable  parameters,  fluid 
composition  obtained  from  calibration  of  the  rig  is 
shown  in  Fig.  10.  It  is  clear  that  nitrogen  and  oxygen 
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levels  are  not  far  from  the  ambient,  but  there  is  excess 
water  and  carbon  dioxide.  The  other  parameters  can  be 
calculated  using  equations  given  in  the  report  by  Ames 
Research  Staff.7  The  aerothermal  conditions  as  a  func¬ 
tion  of  altitude  and  Mach  number  were  calculated  using 
these  equations.  Equation  3  with  hw  =  0  gives  the  cold 
wall  heat  flux.  The  other  key  equations  used  are  repro¬ 
duced  below,  with  the  same  notation  as  in  the  report  by 
Ames  Research  Staff.7  The  variation  in  ambient  tem¬ 
perature  and  pressure  with  altitude  is  taken  from  the 
1976  standard  atmosphere,  reproduced  below  for  com¬ 
pleteness15 

,  .  _  (  216.63  11km  <  h  <  20  km 

l(^  '  -  \  216.65  + (A -20)  20  km  <h<  32km 

(6) 


p\  (kPa) 


22.632£°'157S88^-11)  11km  <  h  <  20  km 

T  "I  —34.163 

5.4749  1  — 20km  <  h  <  32km 

(7) 


U2  —  M2  \J  y  RT2  (13) 

r2  [2y^-(y-l)][(y-  l)M?  +  2] 

Ti  (y  +  1)2M2  1  j 

In  the  above  equations,  subscripts  1  and  2  refer  to 
conditions  ahead  and  behind  the  shock  wave,  respec¬ 
tively.  Mi  is  the  flight  Mach  number,  M2  the  Mach 
number  behind  the  shock,  Tx  and  T2  the  static  tem¬ 
perature  before  and  after  the  shock  wave,  respectively,  Tt 
the  total  temperature,  pi  and  p2  the  static  pressure  be¬ 
fore  and  after  the  shock  wave,  respectively,  and  y  the 
ratio  of  specific  heats  of  air  taken  as  1 .4  in  these  calcu¬ 
lations.  Finally,  while  calculation  of  the  actual  dissoci¬ 
ation  extent  under  the  shock  wave  is  complex,16  the 
upper  limit  on  the  degree  of  dissociation  can  be  esti¬ 
mated  using  the  rate  constants  given  by  Scala  and  Gil¬ 
bert17  as: 

log^A  =  6.8  -  26000/7";  log7+- 

6  Po2  '  Pk2 


P(  T ,  P)  (kg/m)3  =  ^  ;  p  (kPa)  T  (K) 

(8) 


The  total  temperature  given  by  Eq.  (2)  can  be  used 
to  calculate  the  dynamic  pressure,  q,  given  by: 


A  i 


y 

y-  i 


(9) 


where  pu  is  the  total  pressure  ahead  of  the  shock  given 
as: 


M=a(i  +1—^M2Y'  (10) 

The  equations  below  describe  conditions  ahead  and 
behind  the  shock  wave.  The  subscript  1  is  used  to  de¬ 
scribe  parameters  ahead  of  the  shock  wave  (free  stream) 
and  2  to  describe  parameters  behind  the  shock  wave. 

p2  _  e  _  ml  -  (y  -  !)  fll) 

A  y  + 1  ; 


Mi  (y-i)5  +  (y  +  i) 
2 


(12) 


=  7  -  50  000/7"  (15) 

where  and  Po2 ,  Pn2  refer  to  partial  pressures  in 

atmospheres  of  monatomic  oxygen,  nitrogen  and  mo¬ 
lecular  oxygen,  nitrogen,  respectively.  The  above  equa¬ 
tion,  combined  with  total  temperature  (Eq.  (2))  and 
static  pressure  behind  shock,  p2  (Eq.  (11)),  gives  an  up¬ 
per  bound  on  the  percent  of  oxygen  and  nitrogen  dis¬ 
sociation  behind  the  shock. 

Figure  1 1  shows  plots  of  the  six  parameters,  total 
temperature,  cold  wall  heat  flux,  dynamic  pressure,  fluid 
velocity  behind  the  shock  wave,  static  pressure  behind 
the  shock  wave,  and  degree  of  dissociation  of  oxygen 
and  nitrogen,  for  different  flight  Mach  numbers  calcu¬ 
lated  for  an  altitude  of  28.1km  for  a  LE  of  radius 
762  pm  (30  mils),  assuming  a  constant  specific  heat  ra¬ 
tio  of  1 .4  for  air.  Note  that  the  design  window  for  actual 
hypersonic  aircraft  will  be  narrower,  limited  by  allow¬ 
able  dynamic  pressures.  One  method  of  evaluating  the 
test  is  to  examine  how  many  of  these  parameters  are  si¬ 
multaneously  simulated  within  the  test,  and  what  is  the 
effective  Mach  number  the  samples  were  subjected  to. 
To  implement  this  methodology,  we  choose  to  plot  the 
heat  flux,  dynamic  pressure,  total  pressure  and  fluid 
velocity  in  the  rig  against  total  temperature  and  compare 
the  plots  with  what  is  predicted  for  free  flight  conditions 
at  different  altitudes  and  Mach  numbers. 
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Fig.  11.  The  total  temperature,  dynamic  pressure,  fully  catalytic  heat  flux,  fluid  velocity,  and  static  pressure  behind  the  shock  wave,  and  the 
calculated  degree  of  dissociation  of  gases  are  shown  plotted  as  a  function  of  flight  Mach#  at  an  altitude  of 28. 1  km  and  leading  edge  curvature 
radius  of 762  \im  (30  mils),  assuming  a  constant  value  of  1.4  for  y,  the  ratio  of  specific  heats  of  air. 


The  calibrations  of  the  scramjet  rig  obtained  using 
probes  and  detectors  were  used  to  determine  the  con¬ 
ditions  during  the  actual  runs  used  to  expose  the  LE 
samples.  The  static  pressure,  total  temperature  and  fluid 
velocity  at  the  location  of  the  samples  were  obtained 
and  used  to  calculate  heat  flux,  total  temperature,  fluid 


velocity  at  the  material  surface,  dynamic  pressure  and 
total  pressure.  The  total  temperature  is  the  primary  ref¬ 
erence  parameter  used  to  describe  the  flow  conditions. 
Figure  12  shows  the  results  of  these  calculations  as  data 
points,  along  with  free  flight  conditions  shown  as  lines 
for  different  altitudes  and  Mach  numbers.  It  is  seen  that 
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Fig.  12.  Real  flight  conditions  are  specified  in  terms  of  Mach  #  and  altitude.  The  conditions  in  the  test  rig  are  evaluated for  the  ability  of  the 
test  to  simulate  the  real  flight  conditions.  Ideally,  all  parameters  must  be  the  same  as  in  Jree-flight  conditions,  simultaneously.  This  is  evaluated 
in  these  plots  where  the  cold  wall  heat  flux,  fluid  velocity  behind  shock,  dynamic  pressure,  and  total  pressure  behind  the  shock  wave  are  plotted 
against  total  temperature  and  compared  with  values  for  flight  conditions.  The  plot for  heat  flux  also  includes  the  constant  dynamic  pressure  line. 
The  conditions  in  the  rig  at  equivalence  ratio  =  0.45  (the  maximum  value  in  each  plot)  is  found  to  represent  very  closely  the  conditions  during 
a  Mach  6.5  flight  at  an  altitude  of  25  km. 


the  data  points  do  not  strictly  follow  the  curves  but  are 
close.  In  particular  near  the  maximum  of  the  data  set, 
where  the  samples  were  exposed  to  an  ER  =0.45,  the 
data  points  match  well  with  the  curve  for  25  km  and 
Mach  6.5.  The  fluid  velocity  at  the  material  surface  is 
higher  than  in  real  conditions  but  not  by  much.  The 
degree  of  dissociation  too  was  in  agreement  but  not 
shown  as  it  is  seen  to  be  unimportant  (Fig.  1 1)  for  Mach 
numbers  below  7. 

It  is  important  to  note  that  there  is  a  marked  dif¬ 
ference  between  the  measured  sample  temperature  and 
the  known  total  temperature,  as  seen  from  Fig.  8.  First, 
the  finite  heat  transfer  coefficient  results  in  a  lower  sur¬ 
face  temperature  than  the  total  temperature.  Second, 


there  is  a  steep  gradient  in  heat  flux  from  the  tip  of  the 
LE,  leading  to  a  large  drop  in  temperature  at  12.7  mm 
(0.5  in.)  from  the  LE,  the  location  where  the  thermo¬ 
couple  was  placed.  This  can  be  expected  to  result  in  a 
significantly  lower  temperature  reading  compared  with 
that  at  the  LE,  as  prior  calculations  have  indicated.5 

We  conclude  that  the  most  severe  condition  in  the 
scramjet  rig  to  which  the  LE  samples  were  exposed 
closely  represents  actual  hypersonic  flight  conditions  for 
a  Mach  number  of  6.5  at  an  altitude  of  25  km.  We 
briefly  summarize  the  limitations  again.  The  key  limi¬ 
tation  is  the  presence  of  water  and  C02  in  the  gas  at¬ 
mosphere  compared  with  the  ambient,  as  seen  from  Fig. 
10.  Second,  with  respect  to  simulating  the  shear  forces, 


15 

Distribution  Statement  A.  Approved  for  public  release;  distribution  unlimited. 


www.  ceramics .  o  rg  / ACT 


Aerothermal  Response  of  Materials  to  Hypersonic  Flow 


847 


the  fluid  velocity  behind  the  shock  wave  is  larger  than  in 
real  condition.  The  mechanical  loading  is  expected  to  be 
similar  to  real  conditions,  but  will  vary  with  actual  com¬ 
ponent  design. 

Summary 

A  method  of  evaluating  materials  for  use  in  hyper¬ 
sonic  flight  components  was  developed,  with  a  view  to 
capture  all  essential  aspects  of  real  flight  by  directly  ex¬ 
posing  samples  to  hypersonic  flow.  The  exposure  was 
inside  a  prototype  scramjet  engine  developed  to  study 
hypersonic  combustion  and  propulsion  efficiency. 
A  combination  of  modeling  and  experimental  trials 
was  used  to  optimize  the  geometry  and  design  of  a 
sample  holder  that  allowed  the  exposure  of  a  sample  to 
conditions  that  simulated  free  flight  at  speeds  of  up  to 
Mach  7.  The  method  was  evaluated  using  aerothermal 
models  and  instrumented  samples.  It  was  shown  that 
during  a  test  in  which  both  SiC  and  UHTC  (20%vol 
SiC-HfB2)  LE  samples  survived,  the  conditions  were 
very  close  to  real  flight  conditions  of  Mach  6.5  at  an 
altitude  of  25  km.  It  is  concluded  that  a  method  to  ex¬ 
pose  and  evaluate  samples  for  LEs  by  directly  exposing 
them  to  hypersonic  flow  that  represents  near  flight  con¬ 
ditions  has  been  established. 
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